ABSTRACT Unlike with Eimeria species infecting chickens, specific identification and nomenclature of Eimeria species infecting turkeys is complicated, and in the absence of molecular data, imprecise. In an attempt to reconcile contradictory data reported on oocyst morphometrics and biological descriptions of various Eimeria species infecting turkey, we established single oocyst derived lines of 5 important Eimeria species infecting turkeys, Eimeria meleagrimitis (USMN08-01 strain), Eimeria adenoeides (Guelph strain), Eimeria gallopavonis (Weybridge strain), Eimeria meleagridis (USAR97-01 strain), and Eimeria dispersa (Briston strain). Short portions (514 bp) of mitochondrial cytochrome c oxidase subunit I gene (mt COI) from each were amplified and sequenced. Comparison of these sequences showed sufficient species-specific sequence variation to recommend these short mt COI sequences as species-specific markers. Uniformity of oocyst features (dimensions and oocyst structure) of each pure line was observed. Additional morphological features of the oocysts of these species are described as useful for the microscopic differentiation of these Eimeria species. Combined molecular and morphometric data on these single species lines compared with the original species descriptions and more recent data have helped to clarify some confusing, and sometimes conflicting, features associated with these Eimeria spp. For example, these new data suggest that the KCH and KR strains of E. adenoeides reported previously represent 2 distinct species, E. adenoeides and E. meleagridis, respectively. Likewise, analysis of the Weybridge strain of E. adenoeides, which has long been used as a reference strain in various studies conducted on the pathogenicity of E. adenoeides, indicates that this coccidium is actually a strain of E. gallopavonis. We highly recommend mt COI sequence-based genotyping be incorporated into all studies using Eimeria spp. of turkeys to confirm species identifications and so that any resulting data can be associated correctly with a single named Eimeria species.
INTRODUCTION
Coccidiosis is an important parasitic disease of turkey characterized by depression, anorexia, mucoid or bloody diarrhea, and growth retardation (Chapman, 2008) . Seven species of protozoan parasites from the genus Eimeria are responsible for inducing coccidial infections in turkeys: Eimeria meleagrimitis, Eimeria dispersa, Eimeria innocua, Eimeria subrotunda, Eimeria meleagridis, Eimeria gallopavonis, and Eimeria adenoeides (Clarkson and Gentles, 1958) . Although determining that turkeys are infected with Eimeria spp. is straightforward, identification of the specific parasite species involved is more complicated. This requires because of the presence of paralogous rDNA loci within the nuclear genomes of at least some coccidia (e.g., Vrba et al., 2011; El-Sherry et al., 2013) . In contrast, mitochondrial cytochrome c oxidase subunit I sequences (mt COI, ∼600 to 800 bp) have been shown to be highly effective in the differentiation of Eimeria species infecting a wide variety of vertebrates, including rabbits, rodents (Kvičerová and Hypša, 2013) , chickens (Ogedengbe et al., 2011; Vrba et al., 2011) , and turkeys (El-Sherry et al., 2013 , 2014a .
The growing turkey industry raises the need for accurate ways to diagnose and differentiate among Eimeria species infecting turkeys. Descriptions of Eimeria spp. infecting turkeys were done many years ago (1927 through 1958) , and the quality and quantity of information included in each species description varied widely (Chapman, 2008) . Creation of an effective and accurate molecular diagnostic procedure depends upon the availability of accurately identified DNA obtained from single oocyst line prepared for each Eimeria species to be included in the diagnostic method. The lack of consensus in the literature regarding the number and identity of Eimeria species infecting turkeys has limited the use of some PCR-based assays in routine diagnostic and epidemiological studies of coccidiosis in turkey.
In this study, we established and maintained 5 single oocyst derived lines of the most economically important species infecting turkeys, specifically E. meleagrimitis, E. adenoeides, E. gallopavonis, E. meleagridis, and E. dispersa. Each Eimeria species was characterized in detail to obtain information regarding the prepatent period, morphology and morphometry of oocysts and other stages of the life cycle, site of development in the host, and the macroscopic lesions they cause (e.g., El-Sherry et al., 2014a,b) . Each was also characterized at the mt COI and nu 18S rDNA loci to provide reference sequence-based genotypes.
The objective of this study is to present linked morphometric and molecular data regarding 5 Eimeria spp. encountered typically in field samples obtained from turkeys. In the present work, uniformity of oocyst features (dimensions and oocyst structure) of each pure line was observed and suggested that revisions are required regarding the typical dimensions and morphological features for some of these parasites. Shirley and Harvey (1996) and subsequently propagated in uninfected turkeys reared in an animal isolation unit at the University of Arkansas. This parent strain is referred to as E. meleagrimitis USMN08-01 and was kindly provided by H. D. Chapman on July 22, 2011. Four single-oocyst-derived lines of this parasite were generated by El-Sherry et al. (2013) . One of the isolated lines (Line 4) was used for the present work. The biological characteristics of this strain and additional molecular markers were described by El-Sherry et al. (2014b) and Ogedengbe et al. (2014) .
MATERIALS AND METHODS

Origins and Derivation of
Eimeria adenoeides. The Guelph strain of E. adenoeides was obtained from a commercial turkey flock in Ontario, Canada, in approximately 1985. Four singleoocyst-derived lines of this parasite were generated by El-Sherry et al. (2013) . One of the isolated lines (E. adenoeides Guelph Line 4) was used for the present work. The biological characteristics of this strain and additional molecular markers have been described by El-Sherry et al. (2014a) and Ogedengbe et al. (2014) .
Eimeria gallopavonis. This strain was kindly provided by H. D. Chapman on July 22, 2011, under the name of "Weybridge strain of E. adenoeides" that was isolated in 1952 by S. F. M. Davies at the Central Veterinary Laboratory, Weybridge, United Kingdom. Oocysts of this parasite were obtained originally from poults submitted for diagnosis following an outbreak of coccidiosis. This "Weybridge strain of E. adenoeides" was used subsequently in several studies (Hein, 1969; Joyner and Norton, 1972) . The endogenous development and gross pathological lesions of this line of parasite (S. El-Sherry and J. R. Barta, unpublished observations) match the original species description of E. gallopavonis by Hawkins (1952) as does its large oocyst dimensions (see below). Consequently, this Weybridge isolate is named E. gallopavonis Weybridge strain in the present study. The complete mitochondrial genome sequence for this parasite has been published recently (Ogedengbe et al., 2014) and provides additional molecular markers for this parasite.
Eimeria meleagridis. Strain USAR97-01 of E. meleagridis was obtained in 1997 from the ceca of a turkey from a turkey farm in Northwest Arkansas and purified by H. D. Chapman (Department of Poultry Science, University of Arkansas, Fayetteville). This line was kindly provided by Chapman on July 22, 2011. Biological properties of this parent strain of E. meleagridis USAR97-01 have been reported recently (Matsler and Chapman, 2006) , and additional molecular data on the single-oocyst-derived strain used in the present study have been recently reported by Ogedengbe et al. (2014) .
Eimeria dispersa. The "Briston" strain of E. dispersa was isolated from turkeys from Briston, Norfolk, United Kingdom, by Long and Millard (1979) . A sample of this strain was kindly provided by H. D. Chapman on July 22, 2011.
Several single-oocyst lines were derived from each of these parent strains as described by Remmler and McGregor (1964) with the modification that agar plugs carrying a single oocyst were given orally to the birds within gelatin capsules. For more details, see El-Sherry et al. (2013) .
Oocyst Measurements
Measurements of 30 oocysts and 30 sporocysts of each species were made using a Provis AX70 photomicroscope (Olympus Canada, Richmond Hill, ON, Canada) fitted with a digital imaging device (Infinity3-1C, Lumenera Corporation Ottawa, ON, Canada) controlled using iSolution Lite image analysis software (Hoskin Scientific, Burlington, ON, Canada). All measurements are reported as means ± SD followed by range in parentheses.
Molecular Characterization
DNA Extraction. The DNA was isolated from oocysts as described by El-Sherry et al. (2013) .
PCR. Short portions (514 bp) of mt COI for all of the 5 species were amplified using primers Eim˙COI˙366F-M13F (5 -TGTAAAACGACGGCCAG-TGGDTCWGGTRTWGGTTGGMC-3 ; COI specific region underlined) and Eim˙COI˙879R-M13R (5 -CAGGAAACAGCTATGACCATATGRTGTGCCC-ADACT-3 ; COI-specific region underlined) that were designed by examining an alignment of multiple sequences from various Eimeria species infecting poultry. The PCR reactions were carried out in an MJ Mini thermal cycler (Bio-Rad, Hercules, CA). The PCR reactions contained ∼100 ng of genomic DNA from each Eimeria sp., 50 mM MgCl 2 , 1 mM deoxynucleotide triphosphates (dNTP), 10 × PCR buffer, and 0.4 U Platinum Taq (Invitrogen, Burlington, ON, Canada). The PCR reaction thermal profile was as follows: initial heat activation of polymerase at 96
• C for 10 min; 35 cycles of denaturation at 94
• C for 30 s, annealing at 58
• C for 30 s, extension at 72
• C for 1 min; and a final extension at 72
• C for 10 min. Both negative and positive template control reactions were included with each PCR run. The PCR products were electrophoresed on a 1.5% agarose submarine gel in 1 × Tris-acetate-EDTA buffer at 109 V for 45 min. The resulting gel was stained with ethidium bromide and the size of products estimated by comparison with a 100 bp to 10 kb DNA ladder (Bio Basic. Inc., Mississauga, ON, Canada). A QIA quick gel extraction kit (Qiagen, Toronto ON, Canada) was used to purify excised bands. The resulting DNA was then sequenced in both directions with the forward and reverse amplification primers using an ABI Prism 7000 Sequence Detection System (Applied Biosystems Inc., Foster City, CA) by the Molecular Biology Unit of the Laboratory Services Division, University of Guelph (Guelph ON, Canada).
Contig Generation, Sequence Alignment, and Phylogenetic Analyses
Chromatograms from sequencing reactions were used to form high quality contigs with the de novo assembler in the Geneious bioinformatics software package (version 6.1 and later, available from http://geneious.com/); all PCR primer sites were identified in the resulting contigs and amino acid translations of the contig sequences using "Mold/Protozoan Mitochondrial" translation (translation˙table 4) were checked to confirm that the entire sequence from each parasite encoded the correct partial mt COI product. The resulting unambiguous sequences were aligned using Geneious and genetic distances calculated among all species.
Unrooted trees were generated from the aligned DNA sequences (fewer primers, 474 bp) using Bayesian inference, maximum parsimony (MP), and maximum likelihood (ML) tree-building methods [Mr. Bayes (Huelsenbeck and Ronquist, 2001 ), PAUP 4.0 (Swofford, 2003) , and PhyML (Guindon and Gascuel, 2003) , respectively], all implemented from within Geneious. In Bayesian inference and ML analyses, a GTR+1+gamma model of nucleotide substitution was used. The MP trees were generated using a branch and bound algorithm to find the optimal tree. Both ML and MP analyses were subjected to 100 bootstrap pseudoreplicates to generate a consensus tree for each of these tree-building algorithms to which bootstrap support values could be mapped.
RESULTS
Oocyst Morphometrics
A comparison of the morphometrics of sporulated oocysts and sporocysts (Figure 1 ) for the 5 Eimeria species is found in Table 1 . Scatterplots illustrating the intraspecific variations of oocyst dimensions for individual species are found in Figure 2 , and comparison of oocyst morphometrics among species is illustrated in Figure 3 . Descriptions of the oocysts of the individual species follow.
Eimeria meleagrimitis USMN08-01 Strain. Sporulated oocysts ( Figure 1a ) were broadly elliptoid in shape with a slight narrowing at one end. The oocyst wall was distinctly bi-layered and smooth. Micropyle and oocyst residuum were absent. A single refractile granule was typically detected at the one end of the oocyst that appeared slightly narrowed. Sporulated oocysts measured 18.9 ± 1.6 µm (17-22) by 15.7 ± 1.4 µm (13-19, n = 30) with a shape index (SI) of 1.21 ± 0.1. Sporocysts were ellipsoidal, 10.9 ± 0.4 µm (10-12) by 6.1 ± 0.7 µm (5-7, n = 30), and each possessed both a Stieda and sub-Stieda body ( Figure 1b) . Parastieda body was absent; sporocyst residuum was composed of granules of various sizes. Sporozoites possessed anterior and larger posterior refractile bodies. Figure 3 . Diagrammatic summary of oocyst dimensions for 5 Eimeria species affecting turkeys. The mean lengths and widths (um) of 30 oocysts from each species are plotted, each surrounded by a dotted oval that represents 1 SD in the length and width means; the horizontal bars indicate the observed range of oocyst lengths and the vertical bars indicate the observed range of oocyst widths contributing to each mean. The dimensions of these oocysts are found in 2 groups: i) species possessing large oocysts (E. meleagridis, E. gallopavonis, and E. dispersa), and ii) species possessing small oocysts (E. adenoeides and E. meleagrimitis). Color version available online. Eimeria adenoeides Guelph Strain. Sporulated oocysts (Figure 1c) were elliptoid in shape with a slight narrowing at one end. The oocyst wall was bi-layered and smooth. Micropyle and oocyst residuum were absent. A single refractile granule was typically detected at the narrow end. Sporulated oocysts measured 18.7 ± 1.4 µm (17-22) by 14.2 ± 0.9 µm (13-16, n = 30) with a SI of 1.31 ± 0.09. Sporocysts were ellipsoidal, measured 9.7 ± 0.7 µm (9-11) by 5.9 ± 0.5 µm (4-7, n = 30), and each possessed a Stieda and sub-Stieda body (Figure 1d ). Parastieda body was absent; sporocyst residuum was composed of granules of various sizes. Sporozoites possessed anterior and larger posterior refractile bodies.
Eimeria gallopavonis Weybridge Strain. Sporulated oocysts (Figure 1e ) were broadly ovoid with a consistent narrowing at one end. The double-layered oocyst wall was smooth. Micropyle and oocyst residuum were absent. Multiple refractile polar granules (up to 4 granules) were detected attached to the inner layer of the oocyst wall at the narrow end. Sporulated oocysts measured 26.7 ± 1.9 µm (24-31) by 18.6 ± 1.4 µm (16-21, n = 30) with SI of 1.44 ± 0.10. Sporocysts were ellipsoidal, 12.3 ± 0.6 µm (11-13) by 7.7 ± 0.5 µm (7-9, n = 30), and each possessed both a Stieda and subStieda body (Figure 1f ). Parastieda body was absent; sporocyst residuum was composed of granules of various sizes. Sporozoites possessed anterior and larger posterior refractile bodies.
Eimeria meleagridis USAR97-01 Strain. Sporulated oocysts (Figure 1g ) were ovoid with a consistent narrowing at one end. The double-layered oocyst wall was smooth. Micropyle and oocyst residuum were absent. A single refractile polar granule could be detected attached to the inner layer at the narrow end. Sporulated oocysts measured 26.3 ± 1.5 µm (23-28) by 16.9 ± 1.2 µm (15-20, n = 30) with SI of 1.56 ± 0.11. Sporocysts were ellipsoidal, 11.2 ± 0.5 µm (10-12) by 6.2 ± 0.3 µm (6-7, n = 30), and each possessed both a Stieda and sub-Stieda body (Figure 1h ). Parastieda body was absent; sporocyst residuum was composed of granules of various sizes. Sporozoites possessed anterior and larger posterior refractile bodies.
Eimeria dispersa Briston Strain. Sporulated oocysts ( Figure 1i ) were subspherical in shape. The double-walled oocyst was smooth. Micropyle and oocyst residuum are absent. Refractile polar granule was absent. Sporulated oocysts measured 25.6 ± 1.1 µm (24-28) by 20.9 ± 1.1 µm (19-23, n = 30) with SI of 1.22 ± 0.06. Sporocysts were ellipsoidal, 14.4 ± 1.0 µm (12-16) by 8.2 ± 0.6 µm (7-9, n = 30), and each possessed both a Stieda and sub-Stieda body (Figure 1j ). Parastieda body was absent; sporocyst residuum was composed of granules of various sizes. Sporozoites possessed anterior and larger posterior refractile bodies.
Mitochondrial Cytochrome C Oxidase Subunit I Partial Gene Sequences
The 366F/679R primer set successfully amplified and primed the sequencing of partial mt COI sequences from E. meleagrimitis USMN08-1 (KJ526131), E. adenoeides Guelph strain (KJ526134), E. gallopavonis Weybridge strain (KJ526132), E. meleagridis USAR97-01 strain (KJ526133), and E. dispersa Briston strain (KJ526130). Examination of the sequence assemblies demonstrated no intraspecific variation in any of the PCR fragments that were sequenced.
Comparison of mt COI sequences from these 5 Eimeria species of turkey showed sufficient species-specific sequence variation to support short mt COI sequences as species-specific markers (Table 2 ). Pairwise single nucleotide differences (SND) between Eimeria spp. ranged from 15 to 79 SND; the largest variation between 2 Eimeria spp. infecting turkeys was between E. meleagrimitis and E. dispersa (79 SND, 84.6% sequence identity), and the interspecific genetic distance was the lowest between E. meleagridis and E. adenoeides (15 SND, 97.1% sequence identity).
Phylogenetic Analyses Using mt COI Sequences
The unrooted tree generated using MrBayes for mt COI sequences from the 5 different species of Eimeria infecting turkeys is illustrated in Figure 4 . Maximum parsimony and maximum likelihood trees (trees not shown) had identical branching orders. For mt COI sequences analysis, sequences form 2 main clades, one of them composed of the 3 cecal species (E. adenoeides, E. gallopavonis, and E. meleagridis) and the other containing the 2 species (E. dispersa and E. meleagrimitis) that do not infect the ceca of turkeys. 
DISCUSSION
The first Eimeria species formally described from turkeys were named by Tyzzer (1929) Tyzzer (1929) for the type material isolated from bobwhite quail. Hawkins (1952) described a new species, E. gallopavonis, with the largest oocyst of any coccidium described previously from turkeys. Concurrently, Brown (1951, 1952) and Moore et al. (1954) described 3 additional species, E. adenoeides, E. subrotunda, and E. innocua.
Careful examination of the original species descriptions makes it clear that accuracy of the reported oocyst dimensions (Table 3 ) may have been affected by the purity of the isolate upon which the description of each species was based. For example, in the species description of Eimeria adenoeides in North American turkeys by Moore and Brown (1951) , the authors recorded a tremendously wide range of dimensions for their new species (18.9 to 31.3 µm in length; 12.6 to 20.9 µm in width). By comparison, none of our purified lines of turkey coccidia had a range of oocyst lengths exceeding 7 µm within a single line. Although it is possible that Moore and Brown's (1951) new species possessed highly pleomorphic oocysts, the more likely explanation is the presence of more than one Eimeria species in the sample. The micrograph in the original species description (Figure 1 of Moore and Brown, 1951) for oocysts in their work revealed that there are at least 3 apparent oocyst morphotypes present in the sample that was used to describe E. adenoeides. Later, in Clarkson's (1958) characterization of a strain of an Eimeria sp. that was isolated in England that he identified as E. adenoeides, multiple oocyst morphotypes were apparent in the illustration of the sporulated oocysts (Figure 4 of Clarkson, 1958) and the histogram of oocyst lengths and widths ( Figure 5 of Clarkson, 1958) . Clarkson (1958) even noted 2 apparently different prepatent periods resulting from infections with this isolate. In addition, several authors have explained variation of oocyst morphometrics in isolates as different strains of the same species; this Tyzzer (1929) and Hawkins (1952) . More recently, 2 strains of E. adenoeides were reported with marked variation (up to 43% variability in the length) by Poplstein and Vrba (2011) . The question remains as to whether there is such dramatic morphological variation among strains of individual species or whether these "strains" are in reality distinct species that have been mistakenly assigned the same species name. The present study compared only 5 single-oocyst-derived isolates representing 5 Eimeria species that infect turkeys. It is highly likely that isolates from other geographic regions of one or more of these parasites may demonstrate morphological variation from the lines that we examined herein. Indeed, a recent report on 3 isolates of Eimeria adenoeides (strains KCH, RM, and NR identified as E. meleagridis according to Vrba and Pakandl, 2014 ) that share COI sequence identity with E. adenoeides Guelph strain reported in the present paper have somewhat variable oocyst shape indices of 1.22, 1.40, 1.43, and 1.31, respectively. Sequence-based genotyping can help to resolve the conflicting morphometric data. DNA barcoding using partial mt COI genes sequences was effective for differentiation of Eimeria species infecting chickens (Ogedengbe et al., 2011; Vrba et al., 2011) and was a stable genetic marker for 2 Eimeria species infecting turkeys even when the more commonly used genetic locus, nu 18S rDNA, was comparatively unreliable (El-Sherry et al., 2013) . The primers that were designed and used in the present study successfully produced short sequences (∼500 bp) from each Eimeria species that can be used not only in identification and differentiation of Eimeria spp. in turkey, but also can be used as powerful tool to check the purity of each line during subsequent propagation. For example, despite somewhat variable oocyst shape indices, the 4 lines of E. adenoeides discussed previously (strains KCH, Guelph, NR, RM; Vrba and Pakandl, 2014 and present study) have identical COI sequences. Eimeria meleagridis KR (Vrba and Pakandl, 2014) and E. meleagridis USAR97-01 (present study) have identical COI sequences and near-identical oocyst shape indices of 1.53 and 1.56, respectively.
A diagrammatic representation of the mean lengths and widths of oocysts, as well as the SD and ranges of dimensions observed, from each of the 5 species examined in the present study demonstrates the largely overlapping dimensions of these parasites (Figure 4) . The oocysts fall into 2 groups based solely on dimensions: 1) species possessing large oocysts (E. meleagridis, E. gallopavonis, and E. dispersa), and 2) species possessing small oocysts (E. adenoeides and E. meleagrimitis) .
Of the 3 characterized parasites with large oocysts, E. gallopavonis is reported to be the largest (27.1 × 17.23 µm, Hawkins, 1952) . The Weybridge strain of E. gallopavonis used in the present study was isolated in 1952 and subsequently used in several research papers (Hein, 1969 on pathogenicity; Joyner and Norton, 1972 on drug sensitivity); however, in both papers the strain was named E. adenoeides (Weybridge strain). The oocysts of this strain are larger than dimensions reported originally for E. adenoeides by Moore and Brown (1951) . The endogenous development of E. gallopavonis Weybridge strain used in the present study (S. El-Sherry and J. R. Barta, unpublished observations) matches the original species description by Hawkins (1952) and its large oocyst dimensions match those of original species description as well (26.66 ± 1.93 µm by 18.62 ± 1.43 µm). These findings indicate that Hein (1969) and Joyner and Norton (1972) were likely working with E. gallopavonis and that their conclusions should be interpreted in that light. Like E. gallopavonis, both E. meleagridis and E. dispersa have large oocysts (26.28 ± 1.51 µm by 16.95 ± 1.21 µm for E. meleagridis and 25.59 ± 1.12 µm by 20.95 ± 1.09 µm for E. dispersa). However, these 3 species can be differentiated microscopically by the presence or absence of polar granules. Eimeria gallopavonis (Weybridge) oocysts contain up to 4 refractile globules that appear attached to the inner oocyst wall at its narrow end. The oocysts of E. meleagridis (USAR97-01 strain) contain only a single refractile body at the narrow end and the oocysts of E. dispersa do not contain any refractile body whatsoever. Additionally, the oocysts of E. dispersa are more spherical in shape (SI = 1.22 ± 0.06) than either E. meleagridis (SI = 1.56 ± 0.11) or E. gallopavonis (SI = 1.44 ± 0.10).
Deciding on what are typical dimensions and morphological features for oocysts of E. adenoeides was especially challenging. It is highly likely that Moore and Brown (1951) , and likely the later researchers as well, were working with mixed samples containing multiple species. Detailed examination of the endogenous development of E. adenoeides Guelph strain (El-Sherry et al., 2014a) has shown that this parasite develops similarly to the original species description of E. adenoeides by Moore and Brown (1951) . Recently, Poplstein and Vrba (2011) isolated 2 strains of coccidia from turkeys, Eimeria adenoeides (KR strain) had large ellipsoidal oocysts measuring ∼27.8 × 19.4 µm, whereas E. adenoeides (KCH strain) had smaller oval oocysts measuring ∼16.1 × 19.4 µm. Comparing the mt COI sequences and nu 18S sequences of the KCH and KR strains of E. adenoeides with our single-oocyst derived strains showed that the Guelph strain of Eimeria adenoeides matches the E. adenoeides KCH strain genetically. In contrast, the E. adenoeides KR strain COI and 18S sequences match the sequences we obtained from a single-oocyst line of E. meleagridis (derived from the USAR97-01 strain) and the oocyst dimensions of these latter strains likewise agree. To add further confusion, Vrba and Pakandl (2014) recently reassigned their E. adenoeides KCH and KR strains, as well as strains RM and NR, to the single species E. meleagridis. The E. meleagridis KR strain and USAR97-01 strains are morphologically (Vrba and Pakandl, 2014; present study) and genetically (Vrba and Pakandl, 2014; Ogedengbe et al., 2014) linked and should be considered a single species but distinct from the other 4 strains (KCH, RM, NR, and Guelph). We continue to refer to these latter strains as E. adenoeides.
The small oocysts of E. adenoeides Guelph strain cannot be differentiated morphometrically from the oocysts of E. meleagrimitis (USMN08-01 strain) because they overlap substantially in lengths, widths and morphology (Figure 4) . In contrast, the sites of endogenous development and pathological lesions induced by E. adenoeides and E. meleagrimitis are completely different. Lesions of E. meleagrimitis are located mainly in the upper and middle part of the intestinal tract and never in the cecum (El-Sherry et al., 2014b) . In the original description of E. adenoeides by Moore and Brown (1951) , lesions were described in the lower intestinal tract and, notably, within the cecum with the formation of a characteristic caseous cecal core. Formation of a characteristic corrugated caseous plug within the ceca of infected turkeys by E. adenoeides Guelph strain was observed consistently in experimental infections (ElSherry et al., 2014a) . Contamination of E. meleagrimitis cultures with small numbers of morphologically indistinguishable E. adenoeides oocysts may explain why the E. meleagrimitis lifecycle was frequently reported to include some endogenous development within the cecal pouch (i.e., Hawkins, 1952 and Clarkson, 1959) .
The severity and the location of the pathological lesions of E. adenoeides can be confused with E. meleagridis and E. gallopavonis. Lesions associated with E. gallopavonis are usually confined to the lower intestinal tract distal to Meckel's diverticulum within the lower ileum, cecal necks, and rectum, but sparing the cecal pouches (Farr et al., 1961; Wehr et al., 1962; Lund and Farr, 1965) . The strain used in the present study induces the same characteristic pathological lesions described by Hawkins (1952) for E. gallopavonis (S. El-Sherry and J. R. Barta, unpublished observations). Hein (1969) described identical lesion formation for this same E. gallopavonis Weybridge strain but under the name of E. adenoeides (Weybridge strain).
The pathological lesions associated with E. meleagridis are reported to be confined to the cecum by Hawkins (1952) and Clarkson (1959) who reported the formation of caseated plug in the cecum. However, work describing a recently isolated strain of E. meleagridis USAR97-01 strain by Matsler and Chapman (2006) did not demonstrate typical caseous cores at any location in the digestive tract; in the present study, lines derived from this same strain were capable of producing marked lesions in the cecal pouch with a characteristic cecal core located mainly in the distal part of the cecal pouch (S. El-Sherry and J. R. Barta, unpublished observations). The observed variations in macroscopic lesion formation and pathogenicity of this line likely reflect differences in the experimental methods used (e.g., type [breed] and age of birds, type of feed, freshness of the oocyst culture, inoculating dose, etc.).
Unlike with Eimeria species infecting chickens (e.g., Reid and Long, 1979) , specific identification and nomenclature of Eimeria species infecting turkeys is complicated and, in the absence of molecular data, imprecise. The inability to specifically identify the coccidia that were used to generate data on the life cycles, endogenous development, oocyst dimensions, and pathogenicity of various Eimeria "species" over the last 8 decades has resulted in a confused, and often contradictory data set (summarized by Chapman, 2008) . Use of molecular markers (specifically sequence-based genotyping using the mt COI locus) has permitted the unequivocal linkage of oocyst morphometrics and endogenous development with a highly discriminating genetic marker. The stability of this marker is evident from identical, or almost identical, partial mt COI sequences possessed by various lines of coccidia of within each of 5 Eimeria spp. infecting turkeys that were derived independently in Europe (see Vrba and Pakandl, 2014) and in North America (Ogedengbe et al., 2014; present study) . Intraspecific variation at the COI locus ranged from 0 to 0.2% (3 SND over 1,257 bp), whereas interspecific variation ranged from 2.6% (33 SND) to 15.2% (191 SND; data not shown); these data strongly support use of the COI locus for genotyping of Eimeria species.
Much of the early literature describing Eimeria species infecting turkeys and the effects these parasites have on their hosts is largely uninformative because the identity(ies) of the organism(s) under study cannot be determined with any confidence and this reflects limitations of the differentiating criteria used at the time. Genotyping (e.g., mt COI sequence-based typing) should be used to identify unambiguously any Eimeria species before its use in studies on oocyst morphology, endogenous development, or pathogenicity of these parasites. Such genotyping of these parasites will help to ensure the validity of comparisons among studies originating from various research groups and, perhaps, may permit researchers to reliably document the range of phenotypic variation that can be expressed by a single Eimeria species.
